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ABSTRACT 
 
The control of bacterial plant and seedling diseases is challenging, and when not 
controlled, cause a decrease in yield and seed quality. Common bactericides used to treat 
these diseases, such as antibiotics and copper-based compounds, often harm the environment 
and increase bacterial resistance. Biological bactericides such as beneficial bacteria and 
bacteriophages are alternatives with less side-effects, and added benefits. Bacteriophages 
applied to leaves, soil and seeds control bacterial diseases; however, they often require 
protection against adverse environmental conditions. Seed coating formulations provide such 
protection while requiring only small amounts of bactericides. To protect Clavibacter 
michiganense subsp. nebraskense (CN8) bacteriophages against drying and dry storage we 
incorporated them into polymers before coating them onto maize seeds (Zea mays subsp. 
Mays). These bacteriophages are active against Clavibacter michiganense subsp. 
nebraskense (CMN), the causal agent of Goss’s wilt. The polymers had a polyvinyl backbone 
and alcohol, ether, and pyrrolidone functional groups, and were formulated with stabilizers 
(e.g., sucrose, skim milk and whey protein isolate). Bacteriophage activity over time was 
dependent on the polymer functionality and stabilizers used. Some formulations maintained 
active bacteriophage for at least 7 months at 10ºC and 4 months at 26ºC. Seed coatings had 
no effect on germination rate or seedling vigor, successfully removed CMN in artificially 
contaminated maize seeds, and limited seed transmission of the bacterium. Combining 
specific bacteriophages with seed coating polymers led to storable seed coatings on maize. 
Similar bacteriophage coatings are possible against other seed-borne and soil-borne 
pathogenic bacteria providing a new biological bactericide with less environmental impact.
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CHAPTER 1 – GENERAL INTRODUCTION 
 
Introduction 
The concern over possible negative environmental and health impacts of synthetic 
chemical pesticides has increased in the past decade. When synthetic chemicals are used as 
seed treatments they have limitations such as cost, selectivity, effect on target organisms, 
development of pest resistance, contamination of food and feed, health hazards, toxicity 
towards plants and animals, and environmental pollution (Rahman et al., 2008). These 
limitations, coupled with concerns for feeding a growing world population, have prompted 
the development of alternative management practices such as biologic seed treatment. The 
use of biologic seed treatments individually or in combination with other practices (i.e. 
chemical treatments and cultural practices) have benefitted plant growth and disease 
protection  and have opened a new perspective in the seed treatment industry (A. J. Bennett 
& Whipps, 2008; Seiber et al., 2014). For biological seed treatments to be successful, it is 
important that they are stable, and show consistent results under varying field conditions (i.e. 
varying pH, organic matter content, texture and fertility) (Bennett et al., 1991).  
Biological treatments: organisms and modes of action 
Organisms used for biological seed treatments are commonly found in the 
rhizosphere, the zone of intense microbial activity surrounding the roots. These organisms, 
including bacteria, fungi and bacterial viruses, improve plant growth and health through a 
multitude of mechanisms such as: production of secondary metabolites; facilitating nutrient 
uptake by plants; inducing systemic resistance; competing with harmful organisms for 
nutrients; or directly attacking pathogens (Whipps, 2001; Zahir et al., 2004).  
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1. Bacteria 
Bacteria used for seed treatments produce secondary metabolites during microbial 
growth (specifically colonization of the roots), which starts when plant growth begins. 
Secondary metabolites are released in the rhizosphere inhibiting pathogen interactions within 
the root system and thus limiting their effects on the plant. Bacteria species also are used for 
plant growth promotion (PGP) in addition to biocontrol. Some species have the ability to 
stimulate phytohormones, and solubilize or mobilize nutrients in the soil. These readily 
available nutrients can promote plant growth (Mancini & Romanazzi, 2014; Pérez-Montaño 
et al., 2014). 
For example, Bacillus spp. can control diseases such as Anthracnose caused by 
Colletotrichum lindemuthianum. Bacillus spp. produce antifungal and antimicrobial 
secondary metabolites, such as iturin, surfactin, and agrostatin, which directly inhibit spore 
germination (Gueldner et al., 1988). These lytic agents are usually lipopeptides, such as 
benzaldehyde, 1,2-benzisothiazol-3(2 H)-one, and 1,3-butadiene, play a direct role in 
inhibiting plant and soil pathogens (Tahir et al., 2017; Lugtenberg et al., 2017). Bacillus 
subtilis-based metabolites from an array of more than 30 plus biological treatments provided 
the best protection against Anthracnose on bean (Phaseolus vulgaris) (Tinivella et al., 2009). 
Bacillus spp. also directly promote and regulate plant growth, based on the stimulation of 
phytohormones, restriction of plant ethylene synthesis, stimulation of plant systemic 
resistance to pathogens, and solubilization and mobilization of phosphate (Mancini & 
Romanazzi, 2014). Solubilization of phosphates, micronutrients and mineral cations occurs 
due to the release of organic acids, such as gluconic, citric or fumaric acid and consequent 
acidification of the soil (Harman et al., 2004; Wang et al., 2014). 
3 
 
In addition to Bacillus, Streptomyces spp. are effective biocontrol agents against some 
fungal pathogens such as Magnaporthe oryzae in rice (Oryza sativa) (Law et al., 2017), and 
Rhizoctonia solani in bean crops (Kanini et al., 2013). Similar to Bacillus spp.,  Streptomyces 
spp. produce secondary metabolites that can lyse fungal cell walls , but they can also 
compete directly with pathogens and acts as a hyperparasite (Mohammadi & Lahdenpera, 
1992).  
Seed treatments with Rhizobium, a common colonizing bacteria, enhance nutrient 
uptake and plant growth (Babalola, 2010; Philippot et al., 2013; Taylor & Harman, 1990a), 
and reduce disease incidence of damping-off (Pythium spp.) and increases seed yield (Huang 
& Erickson, 2007). Rhizobium recognizes compatible hosts nearby through secondary plant 
metabolites secreted by the host plant. The recognition of these chemicals leads to activation 
of nodulation genes in the bacteria. These nodulation genes produce lipochitin 
oligosaccharides (LCOs) which, in turn, are recognized by the host plant.  LCOs act as 
nodule-formation signals in the host plant for nitrogen fixation. LCOs also induce different 
receptors that initiate the host-plant’s immunity responses to pathogens (Florence, 2016; 
Stacey, 2007; Djordjevic et al., 2014). 
2. Fungi 
	
While bacteria interact with plant pathogens through secondary metabolites, fungi 
operate through mycoparasitism, competition for nutrients in seed exudates, and antibiosis 
(Lifshitz et al., 1986). Trichoderma spp.-based seed treatments are attractive because they are 
effective against soil and seed borne pathogens such as Pythium, Phytophthora, Rhizoctonia 
and Fusarium spp. (Ha, 2010). Trichoderma spp. reduce seed exudates that encourage the 
growth of plant pathogenic fungi in the soil, and compete with soil organisms for space and 
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nutrients (Elad, 1996; Howell, 2002). Similar to bacteria Trichoderma spp. can produce 
cytokinin-type molecules, (i.e. zeatyn and gibberellin GA3) which improve plant growth and 
cell division (Ortíz-Castro et al., 2009), and organic acids which improve nutrient uptake. 
Additionally, Trichoderma spp. induce localized or systemic resistance systems in plants 
such as systemic acquired resistance (SAR) and induced systemic resistance (ISR) (Howell, 
2003; Yedidia et al., 1999).  
3. Bacteriophage 
Bacteriophages are beneficial viruses that attack specific bacteria. They have gained 
attention for their use against bacterial diseases in agriculture. As an antibacterial, they can 
reduce antibiotic use and are effective against antibiotic resistant pathogens. The use of 
bacteriophages in agriculture was first reported in 1924, when the filtrate of cabbage plant 
tissue, used to isolate Xanthomonas campestris pv. campestris, inhibited the growth of 
Xanthomonas while the plant tissue was decomposing (Hemstreet, 1924). 
Bacteriophages, similar to other viruses, can kill their host cells (lytic) or co-exist inside 
their hosts (lysogenic). Lytic bacteriophages are best suited for agricultural applications.  
Once their viral genome is injected into the bacteria, they overtake the bacterial cell 
mechanisms, reproduce themselves and then lyse the bacterial cell to release the new 
bacteriophage. The newly released bacteriophage can come in contact with surrounding 
bacteria of interest and lyse these bacteria. (Skurnik & Strauch, 2006; Maurice et al., 2013).  
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Figure 1. Lytic and lysogenic cycle of bacteriophage (Dy et al. 2014; Salmond & Fineran, 
2015). 
 Bacteriophages were first used as a seed treatment in 1934, against the causal agent of 
Stewart’s wilt, Pantoea stewartii (Thomas, 1934). The seed treatment effectively reduced the 
disease incidence from 18% to 1.4%. After this and other early studies on the use of 
bacteriophages as antibacterial seed treatments, the development of antibiotics hindered 
further research and adoption (Pires et al., 2016; Viertel et al., 2014). It was not until recently 
that bacteriophages again were applied directly to seeds. Rice seeds coated with a 
bacteriophage solution active against Burholderia spp. reduced the number of diseased 
seedlings (Adachi et al., 2012). In 1992, Basit showed that a seed treatment containing 
bacteriophages increased nodulation by Bradyrhizobium japonicum, and decreased the 
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presence of pathogenic Rhizobium spp. (Basit et al., 1992). Bacteriophages also have been 
introduced into the rhizosphere of clover plants. They reduced Rhizobium trifolii population 
on above ground portions of the plant indicating they can be applied to one portion of the 
plant and translocated within the plant tissue. This demonstrates their antibacterial potential 
in the rhizosphere if used as a seed treatment, and their ability to penetrate plant tissue 
(Svircev et al., 2010).  
While many studies have shown the success of using bacteriophages to control plant 
disease, only one company in the United States markets a bacteriophage-based product for 
agriculture. OmniLytics has developed a bacteriophage product named AgriPhage. 
AgriPhage is active against Xanthomonas campestris pv. vesicatoria and Pseudomonas 
syringae pv. Tomato. This broader range of action indicates this product could contain more 
than one bacteriophage, unless it is a broad-band bacteriophage.  Broad-band bacteriophages 
are those bacteriophages with a wide host range. Omnilytics ensures that AgriPhage is 
completely safe for the environment, humans, and provides increased yields (OmniLytics, 
n.d.). AgriPhage is registered as a foliar product, and being the only bacteriophage based 
product on the market, there is an opportunity for developing a bacteriophage based seed 
treatment product for the market. 
Biologicals in the Market 
The majority of biological seed treatments in the market provide plant growth 
promotion and biocontrol. Microbial seed treatments, while originally considered too 
specific, are readily available in the market. The seed treatment industry focuses on their 
incorporation into a disease management plan that is both effective and adaptive to a large 
range of crops and diseases (Taylor & Harman, 1990b). 
7 
 
Most registered biological seed treatments are marketed by three multinational 
companies: Bayer Crop Science, Syngenta, and Monsanto. Newer, smaller companies like 
Taxon Biosciences (acquired by Dupont Pioneer), Marrone Bio Innovations, and Isagro are 
entering the biologicals market, broadening the options for seed producers and farmers. For 
example, Quick Roots developed by Monsanto and Novozymes (BioAg) combines a 
bacterium and fungus, Bacillus amyloliquefaciens and Trichoderma virens, and increases the 
availability of nitrogen, phosphorus and potassium from the soil. Optimal nutrients during 
early plant growth also increases the general plant defenses against diseases (BioAg). Most 
biological treatments currently available in the market are used to control fungi, but there are 
others specific against nematodes and bacteria (Stockwell & Duffy, 2012). For example, 
Serenade from Bayer Crop Science, which is based on Bacillus subtilis, is effective against 
Pythium, Rhizoctonia, Fusarium, and some strains of Phytophthora (Bayer CropScience). 
Clariva is a nematicide for soybeans from Syngenta based on the bacterium Pasteuria 
nishizawae (Schmidt et al., 2010; Syngenta, 2018).  
Biological Seed Treatment Benefits 
Generally biological seed treatments are approved faster and cheaper than chemical 
pesticides, as long as they are registered as a PGP/strengthening agent for the plant 
(Narayanasamy, 2013). Many times biological products have both a PGP effect and a benefit 
of some pathogen control. Shorter approval for PGP biological products allows companies to 
market the product as a PGP with added biocontrol, and get the product to market quicker. 
There is, however, a worry about the microbe’s toxicity, ability to infect target pathogens 
correctly and effectively, and the disruption to non-target organisms (Kabaluket al., 2010). 
These issues can be minimized when biologicals are applied on seeds (minimal spread) 
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compared with broadcast sprays, which require larger volumes of treatment (Sekulic & 
Rempel, 2016). Independent of the application method, biologicals have the potential to 
replace or limit the use of chemicals in certain situations. The use of biological alternatives 
could effectively reduce environmental hazards and exposure of farmers and producers to 
harmful chemicals.  
Combining biological control agents and chemical treatments often can enhance the 
activity of the latter, known as synergism. This synergistic effect is prevalent in the seed 
treatment Poncho/VOTiVO from Bayer CropScience. Poncho is clothianidin and VOTiVO is 
the bacterium Bacillus firmus. This combination has shown a synergistic effect on yield of 
5.3 bu/A over Poncho alone (Bayer CropScience, 2016). Continued research is being done on 
the compatibility of biological-synthetic seed treatment combinations (Reznikov et al., 2016). 
Biological seed treatments alone are an option for organic growers. As long as the 
microorganism(s) used in the product are naturally derived, and the formulation ingredients 
are listed on the Organic Materials Review Institute (OMRI), organic farmers are able to use 
the product (OMRI, 2018). Currently there are not many seed treatments for organic farmers 
besides hot water treatments and this process does not protect the seed from soil-borne 
pathogens. With the ability of biological seed treatments to combat soil borne pathogens and 
improve plant establishment, organic farmers now have an option that they did not have 
before (Van Bruggen et al., 2016). 
 The greatest  difficulties in the development of biological seed treatments have been 
formulation, storage stability (shelf life of products in the can and on the seed), and adoption 
of the technology by the farmers (Parnell et al., 2016). Their limited shelf life, compatibility 
issues with other treatments, e.g., fungicides, uncertainty of the market share, and a limited 
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understanding of interactions with other biological organisms in the rhizosphere, have 
prevented more widespread use (Gary E. Harman, 1991). The development of original 
formulations that maintain the viability of both the biological and the seed during storage 
must be researched from all directions, including microbial physiology, seed physiology and 
adjuvant chemistry (O’Callaghan, 2016). The first company to overcome these constraints 
could dominate the biological market. Consequently, much of this research remains 
confidential and proprietary to specific companies. Some of the  new methodologies, 
however, include the use of  microbial stability techniques, such as encapsulation 
(O’Callaghan, 2016). 
 In addition to seed treatment formulation, research is needed to determine the best 
way to produce large, stable and effective microbial cultures and to store them safely on 
seeds. Microbial culture production depends on optimal production methods, medium 
components, production parameters (i.e. temperature, oxygen transfer, time and method of 
harvest) and post fermentation handling of cell culture (Hynes and Boyetchko, 2006). The 
storage life of seeds treated with different strains of Bacillus spp. was dependent on 
temperature, and the type of seed. The seed and bacterium viability were longest at colder 
temperatures indicating that, in order for biological seed treatments to remain stable on the 
seed, they must be stored at colder temperatures after treatment and prior to planting (Ugoji, 
Laing, & Hunter, 2006).  
 
Future Outlooks / Potential Benefits 
 
Development of biological seed treatments follows four distinct approaches to 
achieve the same reliability as synthetic chemicals: 1) development of superior strains 
through strain improvement; 2) development of delivery systems reducing competition with 
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other compounds; 3) production of additional biomass (i.e. secondary metabolites) that is 
produced during the liquid fermentation of the microbial biologicals; and 4) improvement of 
shelf life and stability. (Bayer CropScience, 2017; Taylor & Harman, 1990b). The selection 
of the most superior strain and greater biomass production, go hand in hand. Superior strains 
have the ability to produce more biomass during fermentation, which contains secondary 
metabolites which are known to play a role in the microbe’s mode of action against specific 
pathogens. Strain improvement (i.e. superior strain selection process) is done through natural 
genetic mutation. This genetic mutation is random, and thus strains can be improved by 
natural processes, and not be genetically modified. Mutagenesis has been used to generate 
mutants of interest. The mutants can be cultured and the biocontrol ability of that strain 
evaluated in vitro and in vivo. The key is to identify important traits, and in return, allow for 
more efficient selection of new strains (Weller, 1988). 
Some species of bacteria also have the ability to form endospores such as Bacillus 
spp., which has made them ideal candidates for the development of biological seed 
treatments. Endospores are formed when the bacteria changes from its growth stage to a 
dormant stage. This growth-related process is often initiated due to a response in nutrient 
deprivation (i.e. when all the nutrients from the fermentation are consumed). Endospores 
allow the bacterium to be highly resistant to environmental stresses that would traditionally 
kill the bacterium. These environmental stresses include high temperature, UV irradiation, 
water loss, pH and chemical damage, and enzymatic destruction (Setlow, 2006; Yánez-
Mendizabal, Viñas, Usall, Cañamás, & Teixidó, 2012). Thus, endospore-forming bacteria 
survive the stresses of commercial seed treatment better than non-spore forming species such 
as Pseudomonas spp. 
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Seed treatments have evolved from the use of a single microbe to the use of a 
consortium of microbes. There is evidence that multi microbe seed treatments (consortia) can 
benefit plant yield compared with the use of a single microbe (Babana & Antoun, 2006; 
O’Callaghan, 2016). The use of multiple microbial agents with differing targets, properties, 
and modes of action has the potential to assist in overcoming some of the variability in trials 
using biologicals (Guetsky, Shtienberg, Elad, & Dinoor, 2001). Not only will a consortium of 
microbes on the seed allow for multiple modes of action but these treatments may widen the 
environmental range in which the seed treatment is effective.  
 
Goss’s Wilt / Bacterial Speck: 
1. Overview, history and location of Goss’s wilt 
Our study focused on the control of bacterial diseases in seeds and soil and Goss’s 
wilt was used as the disease of interest for our proof-of-concept research. Goss’s wilt and leaf 
blight were first found in south central Nebraska, Dawson county, in 1969. The disease is 
known as Goss’s bacterial wilt, but it has received other names such as bacterial wilt and leaf 
freckles or leaf freckles and wilt. From 1969-1979 Goss’s wilt, which is caused by the gram 
positive bacterial pathogen Clavibacter michiganensis subsp. nebraskensis, spread from 
Nebraska to Iowa, Kansas, Colorado and South Dakota. From 1979-1989 Goss’s wilt was 
reported in all parts of the corn belt (Harveson, 2011; Vidaver & Mandel, 1974). In 2018, 
Goss’s wilt is distributed from Texas to the southern Canadian provinces of Alberta and 
Manitoba, and from Colorado to Michigan (Jackson, Harveson, & Vidaver, 2007; Wise, 
Ruhl, & Creswell, 2010). CMN is one of the few gram positive bacterial pathogens that 
infects corn. Many times simple enzyme tests, or pathogen screening tests can be used to 
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quickly identify CMN infection. This quick identification allows for appropriate control 
methods to be implemented in a timely fashion. Thus new control methods are essential so 
that the bacteria do not become resistant to one specific control strategy (Harveson, 2011). 
2. Symptoms and pathogen survival 
Goss’s wilt has two distinct symptomatic phases: leaf blight phase and the systemic 
vascular wilt phase (Mallowa et al., 2015). The leaf blight stage is the most common 
symptomatic phase. In this phase, the leaves turn dark green and appear water soaked. As the 
lesions mature, they become shiny and orange with freckles (small dark green spots) at the 
edges. The lesions appear orange and begin to ooze, which can spread the bacteria and lead 
to large portions of the canopy becoming infected (Wise et al., 2010). 
The wilt phase is observed less frequently.  During the wilt phase CMN infects the 
vascular system early in the season and moves systemically within the plant. This results in   
discoloration of xylem tissues, water-soaked appearance, slimy stalk rot, leaf wilting and 
eventually death of the plant. This systemic infection affects plants at any time during the 
growing season, including at the seedling stage, and can be propagated via seed transmission 
(Biddle, McGee, & Braun, 1990; Harveson, 2011; Jackson et al., 2007; Wise et al., 2010). 
3. Disease Management 
Many current management practices, such as reduced tillage practices, corn on corn 
systems, and overhead irrigation systems, can lead to greater presence of the disease. In the 
past, plant breeders have developed cultivars resistant to Goss’s wilt, thus reducing disease 
occurrence (Harveson, 2011; Mehl, 2015). Currently, the breeders have different targets on 
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their minds, and Goss’s wilt has fallen off the radar. Many of the new hybrids are high 
yielding but are not resistant to Goss’s wilt. These changes in breeding priorities and 
management practices have promoted the return of Goss’s wilt. New management practices, 
such as seed treatments, are needed to reduce its presence. 
Because Goss’s wilt is caused by a bacterium, very few chemical options are 
available to control this pathogen. Some copper compounds and antibiotics have been used in 
the past, but these options are not economically viable for large production fields and can 
lead to the development of pathogen resistance. With few chemical control options, 
biological products are becoming a promising option for controlling Goss’s wilt. 
Specifically, bacteriophages are of interest because of their activity against bacteria. The use 
of bacteriophages as a seed treatment could reduce seed transmission and the vascular wilt 
disease symptoms (Álvarez & Biosca, 2017). In addition, the use of a seed treatment could 
protect the plant during its early stages by limiting bacterial infection overwintering in plant 
residue.  
It is important to select a resistant cultivar because yield loss can be as high as 50% 
when infections are high (Harveson, 2011; Wise et al., 2010). In addition, cultural practices 
can also reduce the disease incidence by reducing bacterial load in the field. Implementing a 
tillage program that buries and decomposes the plant residue eliminates a primary source of 
inoculum (Sosnowski, Fletcher, Daly, Rodoni, & Viljanen-Rollinson, 2009). CMN can be 
seed transmitted so it is important to have certified seed free of CMN (Biddle et al., 1990). 
Finally, it is important to control weeds, because green foxtail, shattercane, and barnyard 
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grass are alternative hosts for CMN. Eliminating these weeds will not allow CMN to survive 
and reproduce (Harveson, 2011).  
Summary 
 As environmental agencies become more and more concerned with the effects of 
pesticides on the environment, and continue to regulate the used of synthetic pesticides, 
biological seed treatment have renewed opportunities. More research is needed to determine 
how to scale up production of these biological seed treatments for industry, how to stabilize 
and formulate these treatments, and how to promote their availability to farmers. 
Furthermore, biological seed treatments must have a wide range of action against pathogens 
and specifically bacterial diseases. Currently, the majority of seed treatments, biological and 
chemical, are not effective against bacterial diseases. This leaves the door open for the use of 
bacteriophages as a seed treatment against bacterial diseases.  
 
 
THESIS FORMATTING 
 
This thesis includes three chapters, with the first being an introduction and literature 
review, and the second chapter is a manuscript that was written in according to current 
publication requirements for a scientific journal. The manuscript that makes up Chapter 2 
will be submitted to Bioengineering and Biotechnology demonstrating the effects of 
bioactive seed coatings using stabilized bacteriophages in polymers. References for each 
chapter are cited separately. A general conclusion (Chapter 3) can be found after Chapter 2. 
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Abstract 
Biological control of bacteria is a viable alternative to antibiotics, copper compounds, 
and nanoparticles, but the biological control agent must be stable to the environment. 
Stabilization can be achieved through incorporation into coating materials. These coating 
materials are often based on polymers and stabilizers for biological molecules. Here we 
combined bacteriophages, viruses that kill bacteria, with polyvinyl based polymers to use as 
biocontrol coatings against bacteria on maize seeds. Specifically, we incorporated CN8 
bacteriophage against Clavibacter michiganense subsp. nebraskense (CMN), the bacterium 
that causes Goss’s Wilt in maize, into polyvinyl polymer coatings with alcohol, ether and 
pyrrolidone functional groups. We studied their storage stability, ability to eliminate CMN 
from artificially contaminated seeds, and their effect on the seeds. Bacteriophage stability in 
dry coatings on the seeds depended on the Tg, functional groups of the polymer, and the 
presence of stabilizers such as sugars and proteins. Polyvinyl alcohol (PVOH) combined with 
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whey protein isolate maintained CN8 bacteriophage activity for four months at 26ºC and 
seven months at 10ºC. This same coating combination significantly reduced bacterial loads of 
contaminated seeds after germination without affecting seed germination. For coatings not 
containing a stabilizer, activity of CN8 in dry coatings on seeds was highest for PVOH. This 
is likely because of its about room temperature Tg and hydrophilic functional groups. 
Bacteriophage in polymers that are stable during storage offer an alternative to using 
antibiotics and toxic compounds to control bacterial diseases in maize.  
Keywords 
Bacteriophages, Clavibacter michiganensis subsp. nebraskensis, Whey Protein Isolate (WPI), 
Polyvinylpyrrolidone (PVP), Polyvinylalcohol (PVOH), Poly(methyl vinyl ether) (PMVE) 
Introduction 
Biological control of bacteria is crucial in areas where antibiotic use is restricted, and 
where bacteria are resistant to antibiotics or copper compounds (Gerhardson, 2002; Schaekel 
et al., 2017; US Food and Drug Administration, 2013, 2018). Biological control is achieved, 
for example, with beneficial bacteria (Haas & Défago, 2005; Ryan et al., 2008; Verschuere et 
al., 2000; Weller, 1988), biologically derived molecules (Abriouel et al., 2011; Defoirdt et 
al., 2011; Montesinos, 2007), and bacteriophages (Álvarez & Biosca, 2017; Chan et al., 
2013; Cooper, 2016; El-Shibiny & El-Sahhar, 2017; Greer, 2005; Hagens & Loessner, 2007; 
Sabouri et al., 2017). Compared to antibiotics or copper compounds, biologicals are more 
sensitive to environmental stresses including temperature, humidity, and UV radiation 
(Anderson et al., 1990; Beales, 2004; Chi et al., 2003; De Angelis & Gobbetti, 2004; Silva & 
Weber, 1993; Somero, 1995). For their protection, biocontrol agents are often incorporated 
24 
 
into powders, gels, or film coatings containing natural and synthetic polymers, sugars, 
proteins, and controlled amounts of water (Anal & Singh, 2007; de Vos et al., 2010; Malik et 
al., 2017; Rojas-Graü et al., 2007). Biological coatings have found applications in medicine, 
food (Cui et al., 2017), and agriculture (Fravel, 2005; Lumsden et al., 1995).  
In agriculture, antibacterial seed coatings can control bacterial plant diseases by 
protecting the seeds from contaminated plant debris in the soil and contamination of the 
seeds themselves. While most coatings include chemicals like copper compounds and 
antibiotics, coatings based on biologicals are increasing. Biological coatings can be more 
selective, which preserves the soil microbiome and is compatible with organic practices. 
Successful biological seed coatings include natural oils, plant extracts, beneficial microbes, 
and bacteriophages (Sharma et al., 2015; Taylor & Harman, 1990a). For example, on maize 
seeds bacteriophages reduced Stewart’s wilt (Thomas, 1934), on rice seeds, they reduced 
seedling rot and blight (Adachi et al., 2012); and on soybean, they improved nodulation and 
nitrogen uptake (Basit et al., 1992). On corn seeds, disease incidence was reduced when 
seeds were treated with bacteriophages. All these bacteriophages were directly coated on 
seeds, exposing them to environmental stresses. 
In general bacteriophage coatings fall into three classes with varying levels of 
bacteriophage protection: unprotected bacteriophage (Arya et al., 2011, Handa et al., 2009), 
protected bacteriophage applied as solutions (Anany et al., 2018), and protected 
bacteriophages incorporated into gels or powders before coating (Lone et al., 2016). 
Protected bacteriophage are generally more stable to environmental stresses. For example, a 
bacteriophage applied to tomato leaves was more stable to drying and UV radiation when 
formulated into a coating with skim milk (Iriarte et al., 2007), while a bacteriophage 
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incorporated into alginate gels was more stable at pH 2.5 than those in solution (Kim et al., 
2015). Adding sugars or skim milk to alginate gels before drying increased bacteriophage 
stability (Ma et al., 2012), while whey protein isolate films maintained bacteriophage activity 
for five months (Vonasek et al., 2014).  
Coatings not only stabilize the biocontrol agent, but also the entity to be protected. 
For example, in agriculture polymers protect seeds and are commonly used for many crops. 
They provide a barrier separating the seed from chemical treatments reducing phytotoxicity, 
and separating treatments from each other reducing negative interactions. Polymers also 
improve treatment adhesion and flowability while reducing dust off (Taylor & Harman, 
1990a). However seed coatings can inhibit seedling emergence (Willenborg et al., 2005) and 
even be phytotoxic (Christian & Goggi, 2008; Mbofung et al., 2013; Taylor & Salanenka, 
2012). Due to this, it is necessary to test seed germination and vigor for all treatments and 
coatings, including those used in biological control.  
Here, we report on the ability of bacteriophage in polymers to act as biocontrol 
coatings on seeds. Specifically, the ability of CN8 bacteriophage to reduce Clavibacter 
michiganense subsp. nebraskense (CMN) on maize seeds. CMN causes Goss’s wilt a 
widespread maize disease which leads to up to 50% loss in yield (Biddle et al., 1990; Wise et 
al., 2010). More importantly it is transmitted through infected seeds or plant material in the 
soil, making biocontrol coatings on the seed the best intervention tool. We examined the 
stability of CN8 bacteriophage in different polymer coatings, their influence on seed 
properties, and their ability to reduce CMN in vitro.  
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Materials and Methods 
Bacteria and bacteriophage preparation and storage  
Clavibacter michiganense subsp. Nebraskense (CMN-91R) was isolated from a maize 
field in Ames, Iowa, while CN8 bacteriophage was bought from the Félix d'Hérelle 
Reference Center for bacterial viruses of the Université Laval, Canada. Bacteria were 
routinely cultured for 72 hrs in Nutrient Broth Yeast Extract (NBY) medium (Gross & 
Vidaver, 1979) at 26ºC with shaking at 350 rpm or on NBY agar (Sieuwerts et al., 2008). In 
disease control experiments NBY base medium was supplemented with antifungal and 
antibiotic components (sCNS: potassium dichromate 0.02 g/L, thiabendazole 0.025 g/L, 
naladixic acid 4 mL/L, and cycloheximide 1mL/L) to inhibit unwanted growth on the plate 
(Biddle et al., 1990).  
CN8 bacteriophages were propagated on CMN double agar overlays (Kropinski et al., 
2009). Briefly, 200 µl of CN8 bacteriophage in lambda buffer (5.8 g NaCl, 2.0 g MgSO4·7 
H2O, 50 mL 1 M Tris-HCl pH 7.4, 0.1 g gelatin in 1 liter dH2O) were spread on NBY 
overlays (bottom layer: 1.5% agar, top layer: 0.5% agar) with 100 µl of CMN (5.0x107 
CFU/mL) in the top layer and incubated for 72 hrs at 26°C. After incubation, 5 mL of lambda 
buffer were added, the top layer and liquid removed, and centrifuged at 6500 rpm for 5 min. 
The supernatant was filtered through a 0.2 µm cellulose membrane and its concentration was 
determined using the spot assay (Kropinski et al., 2009). Bacteria and bacteriophages were 
stored at 4ºC. 
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Maize seed sterilization  
Maize hybrid seed (Variety: H001872, Brand: 34C17, Lot: 1T34MA-3 MF) was 
purchased from Blue River Hybrids (Ames, Iowa). Maize seeds were surface sterilized, or 
surface and internally sterilized (Daniels, 1983) for all but germination and vigor testing. For 
surface sterilization, they were immersed in 50% ethanol for 5 min followed by 1% (w/w) 
NaOCl for 10 min. For surface and internal sterilization, seeds were immersed in 1% (w/w) 
NaOCl for 10 min, rinsed with sterile deionized water, before soaking in sterile water at 
room temperature for 4-5 hrs followed by sterile water at 60°C for 5 min. All sterilized seeds 
were rinsed with sterile water, transferred to sterile petri dishes and allowed to air dry 
overnight in a laminar flow hood.  
Seed contamination 
Surface and internally sterilized seeds were contaminated with CMN (5.0x107 
CFU/mL) in NYB medium via vacuum-infiltration (internal contamination) (Biddle et al., 
1990) or immersion (external contamination). For vacuum-infiltration, seeds were immersed 
in a 5-day culture of CMN with one drop of Tween 20 under vacuum for 5 min. 
Contaminated seeds were surface sterilized in 1% (w/w) NaOCl for 10 min, rinsed with 
sterile water and left to dry in laminar flow hood overnight. For external contamination, 
seeds were soaked in a 5-day culture of CMN at ambient temperature for 15 min on a shaker 
at 250 rpm. Seed were air dried overnight prior to use.  
The concentration of CMN was determined by extracting the bacteria from the seeds. 
For internal contamination, 10 seeds were ground in a coffee grinder (KitchenAid Model: 
BCG111OB), followed by 2 min of vortex in 10 mL of lambda buffer, and left to sit at 
ambient temperature for 1 hr. For external contamination, the whole seeds were vortexed for 
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2 min in 10 mL of lambda buffer followed by 1 h rest. Concentrations were determined on 
sCNS agar.  
Seed aging for germination inhibition 
Seeds were aged using Accelerated Aging (AA) in accordance with the AOSA Seed 
Vigor Testing Handbook (AOSA, 2009) to prevent germination of seeds on overlays. In 
short, a single layer of surface sterilized maize seeds was spread on an elevated screen, 
placed in an acrylic AA box containing 40 mL of water, and sealed with a tight lid. The 
boxes were placed into an AA chamber at 43°C and 100% relative humidity for 96 hrs. Aged 
seeds were immersed in water at 65°C for 10 min before sterilization and drying. 
Polymeric seed coating formulations 
Coating formulations contained: Polyvinylpyrrolidone (PVP, 58,000 g/mol), 
polyvinylalcohol (PVOH, low molecular weight), or poly(methyl vinyl ether) (PMVE, 30% 
solution in water), or Secompla 67c, FloRite 1706, FloRite 1127, and FloRite 1197 from 
BASF (Ames, IA). Polymers were dissolved in deionized water (10% w/v) and stored at 
room temperature before use. PVOH required heating at 80ºC for 20 min to dissolve. Seed 
coating formulations contained 3.5% (w/v) or 3.5% (v/v) polymer, 5.0x107 to 5.3x108 
PFU/mL CN8 bacteriophage in water (94.5%) and 2% (w/v) stabilizers or 2% water, as 
appropriate. Stabilizers included whey protein isolate (WPI), skim milk, sucrose, 
maltodextrin, and D-mannitol. Coating solutions were prepared fresh before use.  
Dry polymer films 
CN8 bacteriophages in the seed coating formulations were dried into films and their 
activity was assessed by spot testing (Carlson, 2005) the dissolved films. In detail, 10 µl seed 
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coating formulation with 5.0x107 to 5.3x108 PFU/mL CN8 bacteriophage were added to 48 
well plates and dried for 20 - 24 hrs in a laminar flow hood. Dry films were dissolved in 2 
mL of lambda buffer under shaking at 300 rpm at room temperature for 4 hrs. CN8 
bacteriophage concentrations were determined with the spot test.  
Dry coatings on maize seeds 
Sterilized maize seeds were coated with CN8 bacteriophage by immersion and dried 
in a laminar flow hood. In detail, 105 maize seeds were covered with 40 mL of coating 
formulation. After 15 min seeds were removed, spread on sterile petri dishes, and dried for 
20 - 24 hrs in a laminar flow hood. CN8 bacteriophage concentrations were determined using 
the spot test after dissolving the coatings. Five seeds were vortexed in 10 mL lambda buffer 
for 2 min, followed by standing at room temperature for 30 min. Vortexing CN8 
bacteriophage (5.20x107 PFU/mL) for 2 min in lambda buffer showed no change in 
concentration.  
Coated seeds were also placed embryo up on NBY overlays containing CMN and 
incubated at 26ºC for 72 hrs, to test infectivity of CN8 bacteriophage directly in the bioactive 
coating.  
Storage stability of dry CN8 bacteriophage coatings on maize seeds 
Coated seeds were stored at three temperatures and low humidity for up to 7 months. 
In detail, 100 coated and dried seeds were stored at 4ºC, 10ºC, and 26ºC with relative 
humidity of 23%, 23.2%, and 22.5%, respectively. Relative humidity levels were  achieved 
with potassium acetate solutions of different concentrations (Greenspan, 1977). The number 
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of remaining infective CN8 bacteriophage was determined every couple of days or weeks in 
three replications of 10 seeds following the process for dry coatings on maize seeds.  
Seed germination and vigor 
Germination tests were conducted using the rolled paper towel method (AOSA, 
2017). In short, 50 seeds were placed down the middle of two moist paper towels (Anchor 
Paper Co., St. Paul, MN) and one moist paper towel was placed on top of the seeds. Paper 
towels were rolled up and held in place with a rubber band. Two replicates of 50 seeds were 
used for each coating, placed in their own container, and covered with a plastic bag secured 
with a rubber band. Containers were randomly placed into modified food service carts 
(Lincoln Foodservice Products). Germination was performed at 25°C in the dark, and 
seedlings were evaluated on day 7 using a standard rating scale (AOSA, 2017). 
Seedling vigor was determined by separating germinated seeds from the roots and 
shoots, and drying the roots and shoots at 75ºC for 16 - 20 hrs (AOSA, 1983). Dry seedlings 
were weighed and the average weight per seedling calculated. Germination and vigor 
experiments were replicated twice by planting each replication 7 days apart. 
Disease Control 
Internally and externally contaminated seeds were treated with PVOH (3.5% (w/v)), 
WPI (2% (w/v)) and 94.5% CN8 bacteriophage (9.5x105 PFU/mL) in water. Contaminated 
seeds were coated and dried following the same procedure as for the storage experiments. 
Coated and uncoated seeds were germinated at 25°C for 7 days inside sterile boxes (6 x 9 
inch hinged plastic box) containing two pieces of blotter paper (Anchor Paper Co., St. Paul, 
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MN) moistened with 75 mL of sterile water. Each coating had 60 seeds separated equally 
into 3 boxes.  
After 7 days, 10 seeds were separated from their roots and shoots. Separately the 
seeds and roots/shoots were ground and placed in 10 mL of lambda buffer or virucide 
solution (a ratio of 33 : 70 mL was used. 33 - 7.5% black tea, and 70 - 10mM FeSO4) (Liu et 
al., 2015) vortexed for 1 min and left to sit for 1 hr. One drop of chloroform was used to lyse 
bacteria before bacteriophage testing. Concentration of bacteria and bacteriophage were 
determined using spot tests on NYB sCNS agar and overlays, respectively. Roots, shoots and 
seeds were also directly placed on overlays to visualize plaque formation. 
Statistical Methods 
 
Analysis of variance and T-tests for germination and vigor testing were conducted 
using SAS PROC GLM (SAS Institute Inc., 2012) to analyze seed treatment effects. T-tests 
were conducted to compare treated versus untreated samples in disease control experiments 
using SAS PROC GLM. Data was log transformed for T-tests. Statistical analysis of storage 
stability studies was done in excel (Microsoft, Redmond, WA). 
Results   
Drying of CN8 bacteriophage into biocontrol coatings 
The CN8 bacteriophage was stable to air drying on plastic surfaces at room 
temperature (Figure 2a, Figure S 1). The stability depended on the polymer and stabilizer 
used. All but three coatings maintained or increased bacteriophage concentrations compared 
to bacteriophage dried from buffer (Figure 2a). Concentrations of infective CN8 
bacteriophage dried in the presence of poly(methyl vinyl ether) (PMVE), 
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polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVOH) decreased between 0.3 and 0.4 
log compared to the original liquid sample. Adding stabilizers improved the retention of 
infective bacteriophages in the dry films. In the more flexible PMVE films most stabilizers 
led to a 0.2 log decrease (D-mannitol log 0.4) in bacteriophage activity. In PVOH and PVP 
films stabilizers led to the best protection with most combinations showing the same number 
of active bacteriophage in solution and in the films, only combinations of D-mannitol/PVOH 
and maltodextrin/PVP did not improve activity compared to bacteriophage dried from buffer 
(Figure 2a). 
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Figure 2. Infectivity of CN8 bacteriophage after drying depends on polymers and stabilizers 
used in the coatings. A) Relative activity of CN8 bacteriophage dried from polymer solutions 
compared to those dried from buffer. -: lower infectivity; 0: similar infectivity; +: higher 
infectivity; and ++: no change in infectivity compared to bacteriophage in solution. Numbers 
in parentheses are glass transition temperatures from a(Brandrup et al., 2003) b(Yu et al., 
1998) c(Schuck et al., 2005) d(Imamura et al., 2003) e(Avaltroni et al., 2004). B) Photograph 
of CMN overlay (a) with maize seeds (b) coated with 3.5% (w/v) PVOH, 2% (w/v) WPI and 
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CN8 bacteriophages (5.0x107 PFU/mL) after incubation. Infective CN8 bacteriophage led to 
lysis (c) around the seeds. Scale bar: 10 mm. C) Number of infective bacteriophages coated 
on maize seeds decreased with drying time and depended on coating formulations. Open 
square: PVOH and WPI, closed square: PVOH, closed circle: PMVE, closed triangle: PVP, 
open diamond: bacteriophage in buffer.  
As with drying on plastic surfaces, all CN8 bacteriophage dried on seeds showed 
infectivity (Figure 2b,c). Seeds placed directly on an overlay showed visual lysis of CMN 
bacteria which decreased after drying, and storage (Figure 2b, Figure S 2). While the size of 
the lysis area is related to the number of infective bacteriophages for two dimensional 
materials, e.g., paper (Meyer et al., 2017), for three dimensional seeds inconsistent contact 
between the seeds and the overlay did not allow quantification. Visual lysis was used only to 
confirm that bacteriophages in the biocontrol coatings can infect bacteria in a moist 
environment, similar to seeds planted in soil.  
For quantitative analysis, we dissolved the biocontrol coating in buffer and 
determined the number of bacteriophages in the solution. While some bacteriophage 
remained on the seeds (Figure S 3), a consistent number of bacteriophages was removed into 
solution. The number of infective bacteriophages on the seeds depended on the time of 
drying and the polymer and stabilizers used in the biocontrol coatings (Figure 2c). The 
number of infective bacteriophages decreased significantly during the first 10 hrs of drying 
(0.2 to 1.3 log) and more slowly after that (0 to 0.4 log). For most coating formulations, the 
number of infective bacteriophage reached a plateau after 24 hrs. At 24 h, the number of 
bacteriophages applied in buffer had the largest decrease (1.1 log), followed by those in 
polymers (0.4 to 0.7 log) and those in PVOH/WPI, which showed no decrease.  
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When applied in commercially available seed coating formulations from BASF (Secompla 
67c, FloRite 1197, FloRite 1706, and FloRite 1127) CN8 bacteriophages showed similar 
results to polyvinyl polymers. FloRite 1127 provided the best protection maintaining 1.1x106 
plaque forming units (PFU) per seed, followed by PVOH/WPI (9.67x105 PFU/seed), and 
FloRite 1706 (2.8x105 PFU/seed). 
Storage stability of CN8 bacteriophage coatings on seeds 
We measured the storage stability of dry bacteriophage biocontrol coatings on maize 
seeds by storing them at 4°C, 10°C, and 26°C for polyvinyl based coating formulations 
(Figure 3) and at 26°C for BASF coating formulations. The temperatures of 4°C and 10°C 
mimic ideal short term storage conditions for seeds, while 26°C is less ideal, but often 
encountered in a farm warehouse (Mbofung et al., 2013).  
For polyvinyl coating formulations, as expected, a lower storage temperature led to 
longer storage times, which was further improved by adding WPI. When stored at 4°C all 
coatings, even those without polymer, showed no decrease in bacteriophage activity after 
four weeks compared to dried samples. Coatings containing WPI maintained higher 
bacteriophage infectivity compared to polymer only and buffer only coatings which were the 
lowest (Figure 3a). After the first four weeks, the number of infective bacteriophages 
decreased linearly for all treatments except PMVE and buffer only coatings. Bacteriophage 
infectivity decreased more rapidly in these coating and was undetectable at 16 weeks. A 
similar linear decrease in infective bacteriophage occurred at 10°C for the first three to four 
months. After which the number of infective bacteriophages either dropped below the limit 
of detection (600 PFU/seed) or plateaued until seven months (Figure 3b). PMVE and buffer 
only, and PVP coatings dropped below the limit of detection at four and five mos., 
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respectively. The loss of infective bacteriophages at four mos. was higher at 10°C (1.5 to 2.1 
log) than at 4°C (0.9 to 1.0 log), with otherwise similar trends. Storage stability further 
decreased when seeds were stored at 26°C (Figure 3c). After one mo., only coatings with 
WPI or PVOH showed infective bacteriophages (0.5 to 1.3 log decrease).  Only PVOH/WPI 
showed infective bacteriophages at two mos. (1.3 log decrease), and decreased by 1.7 log 
when storage was extended to four mos.  
For bacteriophage coatings using BASF polymers, the storage stability at 26°C was 
strongly dependent on the particular polymer formulation. While Secompla 67c showed no 
infective bacteriophage after five weeks, infectivity in FloRite 1197 and 1706 decreased 
about 1 log and in FloRite 1127 only 0.5 log. At two months the ratio between the different 
FloRite coatings stayed the same with FloRite 1127 showing a 0.9 log decrease. At three 
mos., however, only FloRite 1127 showed any activity (2.0 log decrease), which was similar 
to that for PVOH/WPI at the same storage time and temperature.  
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Figure 3. Dry storage stability at 4ºC (A), 10ºC (B) and 26ºC (C) of CN8 bacteriophage 
coated on maize seeds. The line indicates the limit of detection at about 600 PFU/Seed. 
Values below that line are artificially spread to show all symbols. Open square: PVOH and 
WPI, closed square: PVOH, open circle: PMVE and WPI, closed circle: PMVE, open 
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triangle: PVP and WPI, closed triangle: PVP, open diamond: bacteriophage only. A) and B) 
only positive error bars shown for clarity. 
Biological control of CMN on maize seeds 
We artificially contaminated maize seeds internally and externally, coated them with 
CN8 bacteriophage in PVOH/WPI and measured their bacteria and bacteriophage 
concentrations before and after germination. Visual confirmation of treated seeds showed 
that bacteriophages were present on the seeds and roots after germination for both internally 
and externally contaminated seeds (Figure 4). After germination, the bacteriophage coating 
reduced the bacteria concentration of internally contaminated seed by 0.28 log (47%) in the 
seeds and 0.65 log (78%) in the shoots and roots, compared to untreated controls. The 
reduction in the shoots and roots was significant (P = 0.0026). Data were log-transformed for 
analysis.  
 
 
Figure 4. Visual confirmation (plaque formation) of CN8 bacteriophage presence after 
germination around seed (A), roots (B), and shoot (C). Scale bar: 10 mm. 
Germination and Seedling Vigor 
Germination was not affected (P > 0.05) by biocontrol coatings or their components 
(Table S 1). Germination rates ranged from 97.5% to 99.5%. Seedling vigor, determined by 
the seedling dry weight test (AOSA, 1983), ranged from 42.1 mg to 49.2 mg per seedling. 
A 
B 
C 
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Analysis of variance indicated that seed vigor was not significant (P > 0.05); however, the 
overall variation among treatments suggested individual coatings produced more vigorous 
seedlings than the untreated control. A T-test comparison between untreated seed and some 
of the seed coatings indicated significant differences. Seed coatings of WPI, and CN8 
bacteriophages produced heavier seedlings (more vigorous) than the untreated seeds (Table S 
1).  There were no significant differences between these seed coatings and water. 
Discussion 
 Protection of bacteriophages during drying has been achieved by reducing 
dehydration stresses (Ma et al., 2012; Malik et al., 2017; Vonasek et al., 2014). These 
stresses can be limited by controlling hydrogen bonding, glass formation, osmolality, and the 
amount of residual water (Clark et al., 1962; Merabishvili et al., 2013). All polymers and 
stabilizers in this study allowed hydrogen bonding, had similar osmolality (determined by the 
buffer), and were hygroscopic. Changes in CN8 bacteriophage infectivity in our dry coatings 
were likely due to changes in their glass formation of the matrix determined by its glass 
transition temperature (Tg) (Figure 2a). PMVE films with a Tg below room temperature were 
more flexible and provided less physical stabilization than PVP and PVOH films with a Tg 
above room temperature. Bacteriophage stability in PMVE films improved in combination 
with above room temperature Tg stabilizers. The Tg, however, was not the only mechanism 
responsible for CN8 bacteriophage stability. PVP and maltodextrin films, with the highest 
Tg, did not improve bacteriophage stability. Other potential factors described for 
bacteriophage stabilization include water exclusion from the protein surface (Kendrick et al., 
1997) and the stabilization of the folded state of the proteins (Timasheff & Lee, 1981). The 
latter potentially occurs through hydrogen bonding with polar groups on the protein surface 
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(Allison et al., 1999), which all our polymers and stabilizers could do. On the seeds, the 
hydrophilic groups of the polymers could also interact with the carbohydrates of the outer 
layer of the maize seed (Dien et al., 2005) adding another factor. 
Not only the properties of the matrix, but also its thickness influenced the number of 
infective bacteriophages after drying. CN8 bacteriophages belong to the order of 
caudovirales and family of siphoviridae (Laval, 2006; Shirako et al., 1986) with an 
icosahedral head (approximately 55 µm by 55 µm), a long non contractile tail (approximately 
220 µm) and tail fibers (Shirako et al., 1986). Stabilization requires a dry coating that is at 
least as thick as the bacteriophage is long to allow full incorporation without depending on 
orientation. Before drying coatings were about 63 µm thick, assuming equal distribution of 
infective CN8 bacteriophage (2.5x106 PFU/seed) and a surface area of 160 mm2 for the 
maize seeds (Tarighi et al., 2011). After drying polymer and polymer/stabilizer, coatings 
were about 2 and 3 µm thick, respectively, making them ten times thicker than the size of the 
CN8 bacteriophage. Buffer-based coatings would be significantly thinner, explaining their 
reduced stabilization of the bacteriophage  
After 24 h of drying, all polymer coatings showed similar retention of infective 
bacteriophages, which was longer than the retention for bacteriophages coated only with 
buffer (Figure 2c). During long term storage, however, WPI containing coatings provided 
significantly more protection and maintained more bacteriophage on the seeds. These results 
were similar to those in WPI films (Vonasek et al., 2014) and likely due to protein-protein 
interactions between the WPI in the film and the bacteriophage proteins (Johnson et al., 
2007; Puapermpoonsiri et al., 2010) and protection of bacteriophage proteins and DNA from 
oxidative stresses. WPI provides an excellent barrier to oxygen (Janjarasskul & Krochta, 
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2010) reducing these stresses. Our results were also similar to those seen for bacteriophage in 
electrospun PVP fibers (Dai et al., 2014; Koo et al., 2016). There was no significant decrease 
in the bacteriophage infectivity directly after drying. However, infectivity of bacteriophages 
incorporated into PVP fibers decreased more than those incorporated into PVP and sucrose 
or trehalose fibers.  
CN8 bacteriophage in PVOH/WPI coated on artificially contaminated seeds 
significantly reduced the amount of bacteria present in the seedlings. Reduction depended on 
seed size and composition, pathogen location (internal or external), transmission, and 
bacteriophage transmission to the site of infection. To control Burkholderia glumae (seedling 
rot) and Burkholderia plantariirice (seedling blight) in rice seed 3.0 x 107 PFU/10 g seed in 
water for 24 h was required (Adachi et al., 2012) to control both diseases fully. Our seeds 
containing 5x105 PFU/seed reduced CMN on roots and shoots of internally infected seeds 
after germination. In addition, our treatments reduced the number of CMN on externally 
contaminated seeds prior to germination. This biological control was possible without an 
effect on germination, similar to a fungus containing coating on cucumber seeds (Taylor et 
al., 1991). Our use of very high quality seeds (>97% germination), can explain why our 
coatings did not improve germination as seen for other coatings (Harman, 1988; 
Jegathambigai et al., 2009, Accinelli et al., 2016). WPI and CN8 bacteriophage seed coatings 
increased seed vigor over seeds without a coating. We speculated that this increase in vigor 
might be associated to a seed priming effect from the coatings. Seed priming is the controlled 
hydration of the seed to begin metabolic activities associated with germination, followed by 
dehydration (Nawaz et al., 2013). Seed coating used in these experiments are water-soluble 
and are applied onto the seed with small amounts of water. The water may rehydrate the 
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seed, which is later dehydrated for storage.  Similar to our coatings, other authors have 
reported improved seed vigor in seeds coated with polyethylene glycol, fish protein 
hydrolysates, Trichoderma harzianum, and water in seed priming (Devi et al., 2013; Horii et 
al., 2007; Salah et al., 2015). Using our coatings will not only provide disease management, 
but might also provide a positive effect on seed vigor.  
In summary, incorporating CN8 bacteriophage into polymer-based coatings on maize 
seeds significantly increased their stability to dry storage without effecting the seed. While 
the focus of this study was on biological control of a plant pathogen with a seed coating, our 
results on the influence of Tg, hydrophilic functional groups, stabilizers, and temperature on 
bacteriophage stability are applicable to other biocontrol coatings. Future studies will focus 
on developing a range of criteria for the matrix, biological entities, and environmental 
controls for a large range of antibacterial biocontrol coatings. This understanding will allow 
us to coat surfaces with bacteriophages to prevent or treat bacterial contamination and 
disease in agriculture, food, environmental and medical applications.   
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Supplementary Figures and Tables 
 
 
 
Figure S 1. Concentration of bacteriophage before and after dried as polymer films. 
Bacteriophage were dried in PVOH(A), PVP(B) and PMVE(C) with stabilizers. Data is 
displayed in Figure 2a.  
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Figure S 2. Lysis area during storage of bioactive seed coating. Coating consisted of 3.5% 
(w/v) PVOH, 2% (w/v) WPI and CN8 bacteriophages (5.0x107 PFU/mL). (1) Initial time 
point after coated seeds had been dried, (2) 4 weeks of storage at 4ºC, and (3) 8 weeks of 
storage at 4ºC. Scale bar: 10 mm. 
 
 
 
Figure S 3. pictures of lysis around washed seeds. Seeds were taken from wash solution and 
directly plated on a bacteria lawn overlay. Scale bar: 10 mm. 
 
 
 
Table S 1. Germination rate and dry seedling weight (vigor). Seed were coated individually 
with components making up the entire coating slurry. ns= no significant difference. 
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CHAPTER 3 – GENERAL CONCLUSION 
 
Summary and Conclusions 
The main objective in this proof of concept research was to develop a bioactive seed 
coating using CN8 bacteriophage. Bacteriophage were incorporated into seed treatment 
polymers and tested for their compatibility, and storage stability on seed and in can. Stable 
seed coatings were assessed for their ability to reduce Clavibacter michiganensis subsp. 
nebraskensis during germination of maize seeds without effecting germination and vigor. 
Successful reduction of bacterial load under controlled conditions will lead to further studies 
of these coatings. Future studies would include field conditions and expansion of the concept 
to combat bacterial diseases found in the soil and bacterial diseases affecting other crops via 
seed transmission. 
  To test bacteriophage compatibility with seed coating polymers of known functional 
groups, CN8 bacteriophages were incorporated into Polyvinyl alcohol (PVOH), 
Polyvinylpyrrolidone (PVP) and Poly(methyl vinyl ether) (PMVE). CN8 bacteriophage were 
compatible with all three polymers, with PVOH and PVP providing the best protection. 
PVOH and PVP retained all active bacteriophage, while PMVE had a 0.25 log drop in 
concentration.  
   Stable polymer-bacteriophage treatment combinations were coated and dried on seed 
for 24 hrs. PVP, retained the highest concentration of active bacteriophage after drying 
(losing 0.34 log during the drying process), followed by PVOH (0.37 log) and PMVE (0.47 
log). During drying, bacteriophage concentration decreased with all polymers indicating that 
a stabilizer would be essential in the coating formulation. Sucrose, Whey Protein Isolate, 
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Maltodextrin, D-Mannitol, and Skim Milk were tested in coating formulations for 
stabilization properties. Whey Protein Isolate (WPI) and Skim Milk (SM) demonstrated the 
greatest stabilization properties in which it they did not lose any active bacteriophage during 
the drying process. In addition to polymers of known chemistry, polymers from BASF that 
are currently used in the seed treatment industry were also tested. CN8 bacteriophage had 
compatibility with FloRite 1127, FloRite 1197, and FloRite 1706, with 1127 retaining the 
highest concentration of active bacteriophage dried on seed (1.07 x 106 PFU/seed). In this 
same study, PVOH-WPI coating formulation retained 9.67 x 105 PFU/seed. Our results are 
comparable to work drying bacteriophages in WPI films, and electrospun PVP fibers (Dai et 
al., 2014; Koo et al., 2016; Vonasek et al., 2014).  
 Formulations with good bacteriophage activity after drying on seeds were stored at 
4ºC, 10ºC, and 26ºC, which will determine the time of treatment and required storage 
temperature. Both are extremely import due to different storage environments in the seed 
industry depending on the crop, the seed processing plant, and how the treated seed is stored 
by the farmer’s. Treatments containing WPI as a stabilizer, allowed bacteriophage to stay 
active after four months of storage at 26ºC and seven months of storage at 4ºC and 10ºC. 
Treatments using FloRite 1127 also stabilized the CN8 bacteriophage on seed for four 
months at 26ºC. Stabilization and storability of treated seeds showed that these polymer-
WPI-bacteriophage coatings have the ability to be treated on seed at the seed conditioning 
plant, and then shipped to the farmer and stored for a few months prior to planting. This is 
crucial in the chain of events, and allows for this treatment to directly fit in with the current 
practices in the seed treatment market. 
 The most stable seed coating of PVOH-WPI-bacteriophage was tested for its efficacy 
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on controlling Goss’s Wilt. Seeds were artificially contaminated internally (8.00x104 
CFU/Seed) and externally (2.43x105 CFU/Seed) with bacteria, treated and germinated. After 
germination bacterial concentration of treated and untreated seeds were determined. Treated 
seeds that were internally contaminated successfully reduced the transfer of bacteria from the 
seed to the roots and shoots by 78% compared to the untreated control. Treated seeds that 
were externally contaminated reduced the bacterial concentration on the seed by 76% prior to 
germination. Successful elimination of bacteria from the seed and the ability to minimize the 
transfer of bacteria from the seed to the seedling provides evidence that the develop 
treatments have the ability to control seed-borne and soil-borne bacterial diseases. 
 Treatments need not only be stable and work, they also cannot influence germination 
and vigor. Each ingredient in the seed coating slurry were treated on seeds individually. This 
allowed us to determine if any of the treatment ingredients inhibited germination or vigor 
individually. Results showed that none of the treatments inhibited germination (all treatments 
97.5 - 99.5% germination rate) or vigor (P > 0.05 for both germination and vigor) compared 
to the control samples of untreated, and treated with water only.  
 Our proof of concept studies pave way for the use of bacteriophage in the seed 
treatment industry. With few options for combating bacterial diseases, it is essential for more 
options to be available to the farmer. These successful lab and greenhouse studies allow for 
field testing experiments, treatment use on different crops, and bacteriophage based 
treatments against different bacterial diseases to be studied further. Further success in these 
experimental areas could help drive a new product line of bacteriophage based seed 
treatments in the industry. 
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